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Abstract 
Cost estimation for engineering projects has advanced beyond the bottom-up counting of costs and the top-down use of 
analogies.  Parametric cost estimation is now employed to estimate volatile software costs, as well as the cost of Systems 
Engineering (SE) effort in engineering projects.  The Constructive Systems Engineering Cost Model (COSYSMO) estimates the 
number of Person-Months (PM) necessary to complete systems engineering projects by using project size and cost parameters.  
On re-examining the nature of systems engineering and the structures of complex projects that must be built in an orderly fashion
on a variety of scales, it is apparent that a parametric formula that employs fractal dimensionality principles should be well suited
for their cost estimation.  This thesis therefore develops the connections between fractal dimensionality and cost estimation with 
COSYSMO.  The result is Fractal-COSYSMO, a novel cost estimating formulation that can be used to determine the cost of 
developing systems that show complexity on a broad scale. 
© 2011 Published by Elsevier B.V. 
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I, Introduction: Effort Estimation for Engineering and COSYSMO 
Engineering projects can fail for many reasons.  Besides performance failures and technical risks, sources of failure 
include cost overruns, and schedule overruns. Tools and processes for estimating costs and schedules have been 
extensively developed.  The technical organization of an engineering project can be accomplished with Systems 
Engineering (SE).  A method for specifically estimating SE cost and time has been developed, as the Constructive 
Systems Engineering Cost Model (COSYSMO) [Valerdi, Boehm and Reifer, 2003], which takes engineering project 
inputs, and outputs (SE) Person Months (PM), a type of cost and schedule measure. This paper re-tailors 
COSYSMO for complex projects with fractal qualities, allowing more accurate cost estimation of a variety of 
measures, including project size, cost, schedule, or person months.  
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COSYSMO:  The current version, referred to simply as COSYSMO, has a broader scope representative of the 
extensive participation from industrial affiliates and INCOSE (international council of systems engineering). The 
current operational form of the COSYSMO model is shown in Equation 1.
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Where: = effort in Person Months (Nominal Schedule) NSPM
A = calibration constant derived from historical project data 
Size = determined by computing the weighted sum of the four size drivers 
E = represents economy/diseconomy of scale; default is 1.0 
n = number of cost drivers (14) 
EMi = Effort Multiplier for the i
th cost driver. Nominal is 1.0. 
The Effort Multipliers are: Requirements Understanding, Architecture Understanding, Level of Service 
Requirements, Migration Complexity, Technology Risk, Documentation, # and diversity of installations/platforms, # 
of recursive levels in the design, Stakeholder team cohesion, Personnel/team capability, Personnel 
experience/continuity, Process capability, Multi-site coordination, and Tool Support. 
COSYSMO is designed to estimate the number of person months as a function of a system’s functional size with 
considerations of diseconomies of scale. Namely, larger systems will require proportionally more systems 
engineering effort than smaller systems. That is, larger systems require a larger number of systems engineering 
person months to complete. The four metrics selected as reliable systems engineering size drivers are:  
Number of systems requirements,  
Number of major interfaces,  
Number of critical algorithms, and  
Number of operational scenarios.
The weighted sum of these drivers represents a system’s functional size from the systems engineering standpoint 
and is represented in the following CER: 
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Where: 
k  INTF, REQ, ALG,
[INTF: Number of Interfaces, REQ: Number of Requirements, ALG: Number of Algorithms.]
 W weight 
 e easy, nominal,  n d difficult, 
I  driver count 
The CER shown in Equation 2 is a representation of the relationship between functional size and systems 
engineering effort. The effect of each size driver on the number of systems engineering person months is determined 
by its corresponding weight factor. Different systems engineering efforts may exhibit different levels of productivity 
which must be represented in COSYSMO. An exponential factor, E, is added to the CER and is represented in 
Equation 3: 
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In the case of small projects the exponent, E, could be equal to or less than 1.0. This would represent an economy of 
scale which is generally very difficult to achieve in large people intensive projects. Most large projects would 
exhibit diseconomies of scale and as such would employ a value greater than 1.0 for E. Systems development 
activities may have different diseconomies of scale because of two main reasons: Growth of interpersonal 
communications overhead and growth of large-system integration overhead.  The complete COSYSMO equation is 
shown in Equation 4. 
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II, Fractals 
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The simplest approach to consider the manner in which fractal dimension can be described involves using some 
common figures, for example, a square or a triangle. We can say that they are properly two-dimensional. We shall 
discuss this in the context of fractal objects, which have the property of self-similarity, that is, the fractal object can 
be split into parts, each of which is the reduced size copy of whole. Squares and triangles can be subdivided into 
parts each of which is the reduced size copy of whole, shown in Figure 1. The square and triangle below can be sub 
divided into four copies at 1/2 scale, nine copies at 1/3 scale, 16 copies at 1/4 scale. 
    
Figure 1: Triangle and Square sub-divided in parts to show the fractal dimensionality 
In each case, if the number of copies in N and the scale factor is we have the relationship  f
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As with the other figures, the cube is also broken down into smaller cubes of 1/4 the size of the original. 
It takes 64 of these smaller cubes to create the original cube. 
Figure 2: A cube sub-divided in parts to show the fractal dimensionality 
Here the relation between N and becomes  f
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 indicates the dimension of the object. We can generalize this form. If an object can be 
subdivided into N copies of itself at scale , then its dimension is the value D which satisfies. f
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D can be obtained by applying the logarithm operation on Equation 7, which gives Equation 8. 
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Another definition of fractals is: “A fractal is by definition a set for which the Hausdorff-Besicovitch dimension 
strictly exceeds the topological dimension.” To understand the second definition we need to be able to understand 
the fractal dimension. So first we have to look at understanding how to calculate the dimension of an object. Below 
we have three different objects. 
1. As we can see the line is broken into 4 smaller lines. Each of these lines is similar to the original line, but 
they are all 1/4 the scale. This is the idea of self similarity.
2. The square below is also broken into smaller pieces. Each of which is 1/4th the scale of the   original. In 
this case it takes 16 of the smaller pieces to create the original. 
3. As with the others the cube is also broken down into smaller cubes of 1/4 the scale of the original. It takes 
64 of these smaller cubes to create the original cube. 
By looking at this we begin to see a pattern: 
     4 (Line) = 14
     16 (Square) = 24
     64 (Cube) = 34
This let us to think about Equation 9: 
DSN        (9) 
Where N is the number of small pieces that go into the larger one, S is the scale to which the smaller pieces compare 
to the larger one, and D is the dimension. We now have the tools to be able to calculate the dimension by solving for 
D in the previous equation. 
D = log N / log S      (10) 
This dimension is the Hausdorff-Besicovitch dimension. 
In fractal dimensionality, the fractal dimension, D, is nothing but a statistical quantity that tells us how 
completely a fractal appears to fill space, as one goes to finer and finer scales. The fractal dimension D is a basic 
parameter of a fractal, revealing important aspects of its structure, as it quantifies the degree of irregularity or 
fragmentation.  It also indicates the level of complexity or the amount of details through scales and describes the 
distribution of the mass around a center. There are many definitions of fractal dimension. The most important 
theoretical fractal dimensions are the Rényi dimension, the Hausdorff dimension and the packing dimension.
Although for some classical fractals all these dimensions do coincide, in general they are not equivalent. 
III, Fractal-COSYSMO
The pre-conditions for a fractal formulation of COSYSMO have now been set, because the investigation of fractals 
and COSYSMO has revealed their similar areas of application.  COSYSMO is formulated to estimate the systems 
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engineering effort needed on complex projects.  Systems engineering involves both 1) products, and 2) processes.  
As to products, systems engineering constructs complicated information-organizing structures that mimic the 
complex projects being organized.  These structures, for example, tables, diagrams, matrices, architectures, and 
traceability trees, are structurally similar to fractal structures, because they begin in a simple fashion, as the first 
level, but are then the sites of aggregation at finer and finer levels of detail.  As to processes, systems engineering 
involves all the work that systems engineers perform, in investigating the area of application, in constructing useful 
analogous models, and in applying the insights of the models to the real systems.  In all these activities, systems 
engineers must repetitively visit all parts of the product design, iteratively approaching the product design at finer 
and finer levels of detail, until the design is sufficiently refined so as to be able to operate at the required level of 
sophistication.  An analogy lies in bees that form a bee colony, acting both physically and culturally. The bees 
organize to construct a highly symmetric hive with gathered materials, and then tend the hive, as well as maintain 
the coherence of the bee colony throughout its life cycle.  The hive is complicated, yet the task of building and 
maintaining it is complex.  Fractals can describe both the complicated structures of engineering projects, as well as 
the complex collective actions that must be orchestrated in order to organize the engineering processes of the 
project.
Analogies between COSYSMO Parameters and Fractals:  The parameters of COSYSMO can be examined as 
they are grouped, and as individual parameters, in order to note their similarities to fractals.
COSYSMO SIZE PARAMETERS:  COSYSMO size parameters for a system project are either estimated 
numerically or counted approximately into bins -- for example, Easy, Normal, or Difficult -- and then added together 
into a total numerical estimate. Four size drivers, namely:  Number of Requirements, Number of Interfaces, Number 
of Algorithms, and Number of Operational Scenarios “represent the functional size of a system which is believed to 
be a significant predictor of systems engineering effort” [Valerdi and Raj, 2005].  These COSYSMO size drivers are 
assumed to add together.  This additive formulation was decided upon the formulation of COCOMO, when the areas 
of application of these parameters were determined to be largely separate. 
In Fractal-COSYSMO, this additive assumption is exchanged for a multiplicative assumption, because fractal-
like complex systems have structures that are self-similar throughout.  Further, it can be seen that in fractal 
structures, the basic building block is the foundation for laying smaller and more numerous similar structures – a 
situation that lends itself naturally to a multiplicative formulation.  The exact multiplicative formulation of Fractal-
COSYSMO Size Drivers is left open to sub-sets of application.  For example, there will be a formulation of Fractal-
COSYSMO tailored to city growth, and another tailored for network growth. 
COSYSMO TECHNICAL COST PARAMETERS:  Cost parameters in COSYSMO are effort multipliers. “The 
rating of effort multiplier parameters for a completed project requires an assessment from the total project 
perspective” [Valerdi, Rieff and Wang, 2007]. COSYSMO technical cost parameters include the following: 
Requirements Understanding, Architectural Understanding, Level of Service Requirements, Migration Complexity, 
Technology Risk, Documentation, # and Diversity of Installations/Platforms, # of Recursive Levels in the Design. 
In Fractal-COSYSMO, Technical Cost Parameters account for the iterative re-visiting of technical aspects of the 
project, in order to understand and engineer those technical aspects.  For example, a bee hive needs to be understood 
(at least by engineers!) in its many physical aspects, including the hive cells, the recursive levels in the design, the 
architecture of the hive, and the level of service required.  Additionally, a hive design must be migrated for 
application in different environments, as well as installed in various locations.  Also, a hive’s technical aspects must 
be documented.  
COSYSMO TEAM COST PARAMETERS: COSYSMO human cost parameters include: Stakeholder Team 
Cohesion (Personalities and personal values), Multisite Coordination (distance communications), Heterogeneity 
(domains, cultures), Personnel/Team Capability, Process Capability, Personnel Experience/Continuity, Tool 
Support. 
In Fractal-COSYSMO, Team Cost Parameters are practically the same as in COSYSMO, as the human teaming 
aspects of engineering projects are similar across engineering projects on fractal-like structures and non-fractal like 
structures.
Mathematical Formulation:  The regular COSYSMO parametric equation:
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Internalizing, distributing and specializing the exponential into the Size: 
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With the Size parameters combined multiplicatively, instead of additively, this becomes: 
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Fractal-COSYSMO parametric equation is 
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where n is in general much greater than 3, because of the numerous features that fractal structures have.  
If no adjustable weights are needed for the estimation of the size of the structure, or how size effects technical or 
team costs, the formulation becomes the most characteristic of Fractal-COSYSMO: 
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The estimation of the pure size of a fractal structure is made possible by a reduced formula which focuses only on 
the power law [Bunde and Havlin, 1991, p. 3] parameters of a structure. 
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If the fractal dimensionalities are condensed into one fractal dimension, this becomes: 
D
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This has become the most basic fractal dimensionality equation, with a coefficient B 
IV:  Applications of Fractal-COSYSMO
The purely physical cost of systems could be estimated by an aggregation of power law expressions. However, 
estimation of the cost of the real system will involve factoring in COSYSMO Cost Parameters, which will be 
different for each system type, because these factors account for the inherent cost differences between system types.  
For example, although a communication network and a city may have common power laws that account for the 
number of components, the effort involved in constructing each unit in the two different systems will be 
significantly different.  
V: Conclusion 
Fractal-COSYSMO is a natural development in engineering cost estimation. Fractal-COSYSMO is necessary to 
tackle the estimation of truly complex engineering projects. 
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